The simultaneous presence of interstitial solutes and dislocations in an ultra-low carbon bakehardenable steel gives rise to two characteristic peaks in the internal friction (IF) spectrum: the dislocation-enhanced Snoek peak and the Snoek-Keˆ-Ko¨ster peak. These IF peaks were used to study the dislocation structure developed by the pre-straining and the static strain aging effect of C during the bake-hardening process. A Ti-stabilized interstitial-free steel was used to ascertain the absence of a c-peak in the IF spectrum of the deformed ultra-low carbon steel. The analysis of the IF data shows clearly that the bake-hardening effect in ultra-low carbon steel is entirely due to atmosphere formation, with the dislocation segment length being the main parameter affecting the IF peak amplitude. Recovery annealing experiments showed that the rearrangement of the dislocation structure lead to the elimination of the C atmosphere.
I. INTRODUCTION

THE presence of interstitial solutes and dislocations
gives rise to five characteristic peaks in the internal friction (IF) spectrum of a-Fe and Fe-C alloys: the a-peak, the c-peak, the Snoek peak, the dislocationenhanced Snoek (DES) peak, and the Snoek-Keˆ-Ko¨ster (SKK) peak. The a-peak is due to kink-pair formation on the near-edge 70 deg dislocations. The c-peak is the bcc metals equivalent of the Bordoni relaxation in fcc metals. [1] In bcc metals the Bordoni relaxation has been less studied, due to the difficulty to separate intrinsic dislocation phenomena from relaxation processes involving dislocations and interstitial atoms. This problem has for a long time made the study of thermally activated processes in a-Fe difficult to study experimentally. [2] The c-relaxation is due to thermally activated and stress-assisted nucleation and diffusion of kink pairs on a/2h111i screw dislocations on {110} or {112} slip planes in pure a-Fe. [3] [4] [5] The Snoek peak is due to the rearrangement of interstitial solute carbon in the IF cyclic stress test conditions. The DES peak is due to the motion of kinks on near-edge 70 deg dislocations dragging carbon atoms. The SKK peak is due to kinks on screw dislocations dragging carbon atoms. Whereas the distribution of interstitial solutes in deformed single crystals of a-Fe can be studied relatively easily by the IF technique, this is often much more challenging in the case of steels. Interstitial solute carbon atoms can be isolated, ordered, or clustered. The carbon atoms tend to form complexes with common alloying elements in steels such as Mn. Carbon atoms are known to segregate to grain boundaries and phase boundaries. In the vicinity of dislocations, interstitial solute carbon changes their lattice position by single diffusional jumps (Snoek ordering) or form atmosphere by long-distance diffusion under the influence of the stress surrounding the dislocation core region (Cottrell atmosphere formation). Solute carbon can also form compounds with specific alloying elements when the temperature-dependent solubility limit of the compounds is reached.
The interaction between dislocations and interstitial carbon is of particular importance to understand the static strain aging of low carbon steels, the bake-hardening effect and the occurrence of dynamic strain aging in steel at slightly elevated temperature. The study of the Snoek relaxation, DES relaxation, and SKK relaxation peaks by means of the IF technique should in principle allow for a quantitative description of the distribution of carbon interstitials between interstitial sites and dislocation sites. [6] In the present study, the static strain aging of an ultra-low bake-hardening steel grade was therefore studied by means of the impulse excitation IF technique. A Ti-stabilized interstitial-free steel was used as solutefree reference material to study the properties of the dislocation damping c-peak. Both the DES and SKK peaks were observed in the ultra-low bake-hardening steel after room temperature straining. Both peaks displayed different characteristics depending on the amount of strain and the subsequent aging treatment. The dislocation density was measured by electrical resistivity and calculated using a physically based constitutive model of the strain-stress curve. The dislocation structure was also observed by transmission electron microscopy (TEM).
II. EXPERIMENTAL
The chemical composition of the ultra-low carbon bake-hardening (ULC-BH) steel and Ti-stabilized interstitial-free steel used in this study, is given in Table I . No solute N was present in either steel as a result of the formation of TiN and AlN. About 10 ppm C solute remains after the formation of TiC and NbC in the ULC-BH steel. No solute C was present in the IF steel due to the formation of TiC and NbC.
The presence of the interstitial C in the ULC-BH steel and the full stabilization of C by Ti and Nb additions in the Ti-stabilized interstitial-free steel were tested by static and dynamic strain aging tests. Figure 1(a) shows the static strain aging behavior for the ULC-BH and Ti-stabilized interstitial-free steel. The both steels were pre-strained to 4 pct and aged at 443 K (170°C) for 1 hour and then deformed again. A pronounced yield drop was observed in the ULC-BH steel. Continuous yielding was observed for the IF steel. After the aging treatment, the flow stress was increased by 46 MPa and a Lu¨der's elongation was observed in the ULC-BH steel. No flow stress increment or Lu¨der's elongation was observed for the Ti-stabilized interstitial-free steel after the aging treatment. The Lu¨der's elongation and yield drop observed for the ULC-BH steel are related to strong pinning of the pre-existing dislocation by the solute carbon, the sudden rapid multiplication of dislocation, and a low stress exponent for the dislocation velocity. [7] The result of static aging test clearly indicated that there was no interstitial carbon or nitrogen in the Ti-stabilized interstitial-free steel at room temperature. Figure 1(b) shows the dynamic strain aging behavior for the ULC-BH and IF steel. The both steels were strained at 473 K (200°C). A Lu¨der's yield point elongation and serrations in the flow stress were observed for the ULC-BH steel. The dynamic strain aging phenomena was not observed for the Ti-stabilized interstitial-free steel. As dynamic strain aging is related to the pinning by highly mobile solute carbon atoms of temporarily arrested dislocations during high temperature deformation, [8] this observation implies that there are no interstitial carbon atoms in the Ti-stabilized interstitial-free steel at least up to 473 K (200°C).
Industrially cold rolled and annealed sheets, 0.7 mm in thickness, were used for this study. The steels were studied in the fully recrystallization-annealed state, without temper rolling. The microstructure and crystallographic texture of both steels were evaluated by the electron beam backscattering diffraction (EBSD) technique using a Zeiss field emission (FE) gun scanning electron microscope (SEM). The average grain size of the ULC-BH and Ti-stabilized interstitial-free steel was 7.2 and 11.1 lm, respectively, as shown in Figure 2 . A strong h111i direction parallel to normal direction (ND), c-fiber was present in both steels. Other texture components such as the Cube, rotated Cube, and Goss texture components were not present as shown in Figure 2 and Table II. Uniaxial tensile tests with the tensile axis aligned along the rolling direction (RD) were carried out at room temperature on a ZWICK universal tensile testing machine using a strain rate of 5 9 10 À3 s À1 . EN 10002 standard tensile specimens with a 80 mm gauge length and a width of 20 mm were used. The specimens were pre-strained in the range of 1 to 16 pct strain for the IF measurements and static strain aging test. Dynamic strain aging test were carried out at 473 K (200°C). Recovery annealing tests were done at 800 K (527°C).
The IF spectra were collected on samples vibrating at their resonant frequency in the free flexural vibration mode after impulse excitation in the IMCE RFDA LTVP800 dynamic analyzer. The resonant frequency of the internal friction tests was approximately 500 Hz. The applied strain amplitude was approximately 4 9 10 À5 . Rectangular specimens of different lengths were used to observe the relaxation peaks at different frequencies. The specimens were heated from 200 K to 800 K (À73°C to 527°C) in a vacuum infra-red heating furnace using a heating rate of +5 K/min. After heating to 800 K (527°C) the specimens were cooled at a cooling rate of À0.7 K/min. The specimens were also heated to 393 K (120°C) using a heating rate of +15 K/min and held at 393 K (120°C) for 5 hours to study the static strain aging kinetics.
The dislocations contribute to the resistivity through the scattering of the electrons by the dislocation core. [9] A dislocation density increment Dq can be converted to a change in resistivity by means of an equation proposed by Tanaka and Watanabe. [10] Dq
where R e and R 0 are the resistivity for the deformed and non-deformed specimen respectively. The conversion factor, g is equal to 1.0 9 10 À24 Xm 3 . Alternative conversion factors from various literature sources are summarized in Table III . The electrical resistivity in the as-received and pre-strained specimens was measured at room temperature by the standard 4-point probe technique. Square specimens, 20 mm 9 20 mm in size, were carefully polished before the measurements. The reported resistivity is an average values for measurements made in the central portion of the specimens.
The dislocation structure of selected specimens was investigated in detail using a JEOL JEM-2100 TEM operated at 200 kV. TEM foils were prepared by mechanical polishing to a thickness of about 100 mm, followed by twin-jet polishing at room temperature in a solution of 5 pct perchloric acid in 95 pct acetic acid using a voltage of 45 V and a current of 60 mA.
III. INTERNAL FRICTION SPECTRA ANALYSIS
A damping peak for a thermally activated relaxation process with a single, well-defined, activation energy, and relaxation time, takes the form of the Debye equation [14] :
where D is the relaxation strength, s is the relaxation time and x = 2pf, with f, the resonant frequency. The [10] 24.0 experimental Yoshikawa and Okamoto [11] 12.6 theoretical Karolik and Luhvich [12] 11 to 22 theoretical Basinski et al. [13] temperature dependence of the relaxation time s(T) for a thermally activated relaxation with the activation energy H is given by the Arrhenius equation
where k is the Boltzman constant and s 0 is the inverse of the attempt frequency. For measurement carried out at a fixed resonant frequency, the temperature dependence of the internal friction Q À1 (T) is described by:
where T max and Q
À1
max are the peak maximum temperature and the peak amplitude, respectively.
The value of H and s 0 are usually determined by means of the IF spectra obtained at slightly frequencies f i using the following equation
where T max is the peak maximum temperature for an IF measurement done at a frequency, f i . Deformation related IF peaks are often broader and asymmetric in Q À1 -1/T plots in contrast to pure Debye peaks, which are symmetric in Q À1 -1/T plots. The broadening of the Debye peak can be analyzed by the simple Fuoss-Kirkwood approach or the Gaussian relaxation time distribution approach. In the FuossKirkwood approach, the equation for a Debye peak is modified to take broadening into account [15] :
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The a (£1) parameter determines the peak broadening. a = 1 is for a normal Debye peak. The drawback of this IF peak analysis method is that the parameter of a does not have a well-defined physical meaning.
In the Gaussian distribution approach, it is assumed that the peak broadening is due to the presence of a distribution of relaxation times, rather than a single relaxation time. The distribution of the relaxation times is described by means of the parameter b which is related to the width of the distribution [14] :
where z = ln(s/s m ) and s m is the mean relaxation time.
A broadened damping peak can be represented as follows:
½7 where x = ln(xs m ). When b = 0, Eq. [7] is identical to Eq.
[2] for a pure Debye peak. Increasing values of b result in a symmetrical broadening of the peak in Q À1 -1/ T graphs. The observation of a distribution of relaxation times in this study has a clear physical meaning. It is due to a distribution of the dislocation segment length in the case of the DES peak and it is due to the existence of different non-equivalent positions for the solute carbon atom in Fe-Mn-C or Fe-Cr-C alloys in the case of the SKK peak.
In the present study, the IF spectra were analyzed by fitting the experimental peak data to a Debye peak broadened by a Gaussian distribution of relaxation times to obtain Q À1 max and T max . The background damping was fitted to the following equation:
where A, B, C, D, E and F are fitting parameters. The activation energy H and the pre-exponential factor s 0 of the c-peak and SKK peak were calculated using Eq. [4] .
Values for H and s 0 reported in the literature were used in the case of Snoek peak and DES peak. The Snoek peak amplitude Q À1 max can, in principle, be used to determine the mole fraction of solute C in low alloyed steels as Q À1 max ¼ K Á c i , where the proportionality factor K is given by [14, 16] :
Here S ij are elastic compliances (Pa À1 ), m 0 , is the atomic volume of the matrix, (1.
83 is the shape factor of the elastic dipole associated with the tetragonal lattice distortion caused by the interstitial carbon. C is single crystal orientation factor, which is given by C ¼ c
The c i parameters are the direction cosines between the stress vector and the three h100itype axes. K is the conversion factor between mole fraction and mass pct, i.e., 4.65 9 10 À4 for C. Taking into account (a) that the ULC-BH and Ti-stabilized interstitial-free steels have a predominantly c fiber, i.e., a ND//h111i orientation, as shown in Table II and Figure 3 , (b) that the value of K is isotropic for all orientation belonging to the c-fiber, and (c) that the C Snoek peak for 550 Hz measurements occurs at 391 K (118°C), K is given by 0.458 for the Snoek peaks observed in the present work.
It has been reported that the addition of the substitutional alloying elements, Mn, Si, and P can decrease the value of K due to the reduction of the lattice distortion around the interstitial carbon by the presence of the substitutional atom. [17, 18] In P-free steels, the addition of Mn reduces the Snoek peak amplitude and increases the peak width due to the formation of C-Mn point defect complexes. [17] It has been suggested that the addition of P may reduce the influence of Mn on the Snoek peak height because the lattice distortion by Mn, due to its larger radius relative to Fe, is compensated by P, which has a smaller atomic radius than Fe. [18] In this work, the effect of the composition on the value of K was neglected because the BH steel contained both Mn and P and a negligible amount of Si. In addition, there is at present no theoretical framework for the effect of the grain size on the Snoek peak height. [14, 17, 19, 20] IV. RESULTS Figure 4 (a) shows the IF spectrum in ULC-BH steel in deformed and aged conditions. A Snoek peak and a weak SKK peak were observed in the as-received specimen at 391 K and 562 K (118°C and 289°C), respectively. The Snoek peak analysis gave 5.7 ppm solute carbon in the ULC-BH steel. After 4 pct deformation, the DES peak, which has a larger amplitude and is broader relative to the Snoek peak, was observed at 395 K (122°C). The SKK peak increased considerably and the peak temperature was shifted to a lower temperature, 520 K (247°C). The DES peak was completely absent after a 1 hour aging at 443 K (170°C) whereas the SKK peak remained unchanged in the 4 pct deformed specimen. The SKK peak was only observed in the deformed ULC-BH steel after aging treatment at 443 K (170°C). The SKK peak was annealed out after heating to 800 K (527°C) and the Snoek peak reappeared. This Snoek peak had a lower amplitude compared to the as-received specimen. The normalized modulus, (f/f 0 ) 2 , decreased monotonously with increasing temperature and there was no pronounced difference in the modulus behavior for the deformed and the aged specimens. Figure 4 (b) shows the heating and cooling segment of the IF for the Ti-stabilized interstitial-free steel after a 4 pct deformation. As there was no interstitial carbon in the Ti-stabilized interstitial-free steel, the absence of the Snoek peak or DES peak was expected. A clear c-peak was observed. The peak maximum temperature of the c-peak, 335 K (62°C), was much lower than the peak maximum temperature of the Snoek peak at 391 K (118°C). The amplitude of the c-peak for the Ti-stabilized interstitial-free steel was three times larger than the amplitude of the SKK peak for the ULC-BH steel after a similar 4 pct deformation. An anomalous modulus change was observed on the right side of the c-peak maximum. The c-peak was completely annihilated by a recovery annealing heating cycle to 800 K (527°C). No peaks were observed in the cooling segment of the IF spectrum. The modulus was recovered in the cooling segment.
Both Ti-stabilized interstitial-free steel and the ULC-BH steel exhibited a single well-defined single relaxation peaks after deformation. The c-peak was only observed in the IF spectrum of the Ti-stabilized interstitial-free steel. The SKK peak was present in the IF spectrum of the ULC-BH steel after annealing at 443 K (170°C) for 3600 seconds. The value of H and s 0 were determined for both peaks. Figure 5 shows that both the SKK peak and the c-peak clearly shifted to a lower temperature at lower resonant frequency. Using Eq. [4] , the value of the activation energies and relaxation time constants for the c-peak and SKK peak were determined to be 0.58 eV/ 5.42 9 10 À13 s and 1.00 eV/7.11 9 10 À14 s, respectively. The data used for the determination of the s 0 and H values are listed in Table IV . The c-peak has a lower activation energy than the carbon Snoek peak, i.e., 0.58 vs 0.87 eV. [21] The SKK peak has a higher activation energy than the carbon Snoek peak. Figure 6 shows the change in the DES peak and the SKK peak for the ULC-BH steel as a function of strain from 0 to 10 pct. The DES peak amplitude gradually increased up to 4 pct strain and remained at this value for larger strains. The SKK peak amplitude of the ULC-BH steel increased more rapidly than the DES peak amplitude. The rate of increase of the SKK peak amplitude with strain decreased at higher strains. After 2 pct strain, the SKK peak amplitude became larger than the DES peak amplitude. The peak temperature of the SKK peak of the ULC-BH steel decreased from 562 K to 509 K (289°C to 236°C) with increasing strain. The rate of peak shift to lower temperature gradually decreased at larger strains. The DES peak maximum temperature was 5 K higher than the Snoek peak maximum temperature. The DES peak maximum temperature did not change with increasing strain. Figure 7 shows the changes in the SKK peak of the ULC-BH steel after deformation and a 1 hour aging treatment at 443 K (170°C). The DES peak and the Snoek peak were almost fully annealed out by the aging treatment. The behavior of the SKK peak was also observed for the ULC-BH steel after deformation and a 1 hour annealing at 443 K (170°C). The DES peak was almost fully annealed out after the aging treatment. The SKK peak amplitude and peak maximum temperature were not influenced by the aging treatment. The SKK peak amplitude increased at higher strains and saturated at a value of 6 9 10 À4 . The SKK peak temperature was lowered at higher strains and moved to a stable value of 509 K (236°C). The SKK peak also broadened at higher strains. The value of the broadening factor, b increased from 2.5 to 4 between 0 and 10 pct of strain. The background damping also increased with increasing amounts of strain. Figure 8 reviews the change in the c-peak with increasing strains for the IF steel. No c-peak was observed for the un-deformed Ti-stabilized interstitialfree steel. The c-peak was present in the IF spectrum after 1 pct strain and the peak amplitude reached a maximum value for 4 pct strain. The c-peak amplitude maximum value was reached at a lower strain compared to the SKK peak. The c-peak maximum temperature shifted to higher temperatures with increasing strain. The c-peak shift was +15 K, i.e., much smaller than the SKK peak shift, which was À52 K. An anomalous modulus behavior was clearly observed in the temperature dependence of the modulus of deformed Ti-stabilized interstitial-free steel. The normalized modulus decreased monotonously for the un-deformed Ti-stabilized interstitial-free steel. The normalized modulus of the deformed Ti-stabilized interstitial-free steel decreased on the left side of the c-peak and recovered on the right side of the c-peak. The thermal background damping for the Ti-stabilized interstitial-free steel increased slightly at higher deformations similarly to what was observed for the deformed ULC-BH steel. Figure 9 (a) shows the cooling segment of the IF spectrum for the deformed ULC-BH steel after heating to 800 K (527°C). The normal Snoek peak was observed and the amplitude of the SKK peak was strongly reduced. Figure 4 (a) shows that the Snoek peak re-appeared in the cooling segment of the IF spectrum of the deformed and aged ULC-BH steel although the Snoek peak was absent in the heating segment. The Snoek peak amplitude in the cooling segment was lower than the Snoek peak amplitude of the non-deformed ULC-BH steel. It also decreased with increasing strain as shown in Figure 9 (b). The solute carbon content after where W is the fraction of solute carbon content that has diffused to dislocations and K is a constant which can be expressed as K ¼ K 0 expðÀDH=RTÞ. In a graph of ln½À lnð1 À WÞ vs ln t Eq.
[10] is a straight line with a slope equal to n. The kinetic parameter n derived from Eq. [10] has been used to characterize the aging process. The parameter W has been usually equated to the fractional increase in yield stress, Dr=Dr max during the aging, where Dr is the increase in yield stress after aging for time t and r max is the maximum stress increment due to prolonged aging. [22] In this work, the parameter W was determined by means of the DES peak as shown schematically in Figure 10 (a). The 6 pct deformed BH steel was heated up to 393 K (120°C), which is the DES peak maximum temperature, and the DES peak amplitude was measured continuously for 5 hours. The parameter W was defined as W ¼ ðQ
back Þ; where Q À1 max is the DES peak amplitude during aging, Q 0À1 max is the initial DES peak amplitude and Q À1 back is the background damping at 393 K (120°C), which was assumed to be constant. Figure 10 (b) shows the change of Q À1 max with time during aging at 393 K (120°C) and the data is plotted in a ln½À lnð1 À WÞ vs ln t graph. The parameter n was equal 0.70 in the first aging stage, and decreased to a value of 0.29 after 18 minutes. The exponent in the first stage corresponds to the formation of carbon atmosphere formation kinetics as it is close the exponent to 2/3 predicted by Cottrell's model. [24] This was also verified using tensile test data. [22] The second stage of aging is believed to be related to the saturation of the Cottrell atmosphere. The dislocation density development was computed by fitting the plastic part of the tensile stress-strain curve to a calculated flow strength, r d by means of the following equation [25, 26] :
where a is a numerical factor, M is the Taylor factor, G is the shear modulus, b is the burgers vector, and q disl is the dislocation density. The increase in the dislocation density is the result of dislocation storage and annihilation processes. In the Kocks-Mecking-Estrin model, the dislocation increment with strain is expressed as follows [25, 26] :
where d is the grain size, k is the dislocation accumulation rate constant, and f is dislocation annihilation rate constant.
In the present work, the experimental strain hardening curve obtained during tensile tests was fitted to Eq. [12] as shown in Figure 11 (a). The fitting parameters are listed in Table V . They are in agreement with those published previously for similar steel grades. The dislocation density development was calculated by means of Eq. [11] with the fitted parameters listed in Table V . The initial dislocation density was assumed to be 1 9 10 11 /m 2 . The dislocation density increased to 10 14 /m 2 and the increment of the dislocation density decreased with increasing strains. The dislocation density of the deformed ULC-BH steel was slightly higher than for the IF steel due to its smaller grain size assuming square array of forest dislocations. The dislocation segment length, L disl was set equal to 1= ffiffiffiffiffiffiffiffi q disl p . The results are shown in Figure 11 (b). They indicate that the dislocation segment length rapidly decreased with strains and reaches a constant value of 6 9 10 À8 mm at 5 pct strain. The average dislocation density was also determined experimentally by means of electrical resistivity measurement for the deformed steel. Figure 12(a) shows the increment of the resistivity as a function of strain for the ULC-BH and Ti-stabilized interstitial-free steels. The resistivity of both steels was similar in the as-received state. The rate of increase of the resistivity for the ULC-BH steel was much higher than for the Ti-stabilized interstitial-free steel. The calculated dislocation density increased to the range of 2.5 9 10 15 to 2.5 9 10 16 /m 2 as shown in Figure 12(b) . The rate of increase of the dislocation density decreased at higher strains. The dislocation density determined with the resistivity method was one order of magnitude higher than the calculated value based on the analysis of the stressstrain curve, about~10 14 /m 2 . The difference of approximately 2 9 10 16 /m 2 between the dislocation density for deformed ULC-BH and Ti-stabilized interstitial-free steel as obtained by electrical resistivity are also higher than the difference of 1 9 10 14 /m 2 , obtained by the model calculations. The difference between the dislocation density obtained with the resistivity method and the calculated dislocation density results from the presence of the interstitial C, other alloying elements and the grain boundaries are also known to influence the resistivity. The conversion factor used in this study does not consider these effects. Despite of the uncertainty about the exact value of the dislocation density, the relative development of the dislocation density with strain will be taken into consideration in the Section V. Mosaic TEM micrographs of as-received and 2 pct deformed BH steel are shown in Figure 13 . The micrographs clearly show that the dislocation density increased rapidly in the early stage of deformation. Figure 14 shows the development of heterogeneous dislocation distribution in the 4 pct deformed Ti-stabilized interstitial-free steel. Fairly long straight screw dislocation segments were observed in some areas as shown in Figure 14(a) . In other areas of the sample a dislocation cell structure was observed as shown in Figure 14 (b). The dislocation density was high and dense dislocations tangles were visible in the cell walls whereas the dislocation density was relatively low in the cell interiors. Figure 15 shows that the dislocations were rearranged into lower energy configurations after heating to 800 K (527°C). Dislocations were often observed to form low angle boundaries in the cell walls as shown in Figure 15(a) . The formation of ah100i type junction gave rise to honeycomb shaped dislocation arrangements observed in region of low dislocation density as shown in Figure 15 (b). These observations are clearly related to recovery. Figure 16 is a schematic IF spectrum which includes the dislocation-related relaxation peaks for a-Fe and the currently accepted relaxation mechanisms assigned to each peak. The IF peaks can be associated to two types of relaxations, the a-peak and c-peak which are due to dislocation relaxation processes only, and the DES peak and SKK peak, which are due to relaxation processes involving interactions between dislocations and point defects.
V. DISCUSSION
a a /2h111i-type screw dislocations in a-Fe have a ''sessile'' core structure spread-out in three {110} planes intersecting their common h111i zone axis. A consequence of the core structure of screw dislocations is a high Peierls barrier for glide and a pronounced temperature and strain dependence of the mechanical properties. This is an intrinsic effect, which is not due to interstitial solutes. Kinks are formed when the dislocations change from one Peierls valley to the next. Kinks can move at much lower stress than the dislocations, as they experience a much smaller periodic variation in potential energy.
Two dislocation-related relaxation peaks are observed in the IF spectra of deformed a-Fe, the a-peak and the c-peak. Both peaks have non-Debye features, in particular a relatively large broadening. The formation of dislocation loops in a-Fe at room temperature leads to the formation of screw and non-screw dislocation segments as shown in Figure 16 .
The low temperature a-peak is due to kink-pair motion on the near-edge non-screw 70 deg dislocations. As the energy of formation of a kink pair on 70 deg dislocation is much lower that for screw dislocations, the a-peak was not observed due to its very low peak maximum temperature as shown in Table VI .
The high temperature c-peak in a-Fe is related to kink-pair formation on screw dislocations aligned along h111i Peierls valleys [27, 29, 30, 38] as shown in Figure 16 . The c-peak is a relatively wide peak typically observed at about 300 K (27°C) when the IF measurements are carried at low frequencies with a torsion pendulum. The relation between the kink-pair formation energy 2H K and H c , the activation energy of the c-peak relaxation is given by [39] :
where H M K is the migration energy of a kink along the screw dislocation. Note that as Figure 5 (c) compares the activation energy values for the c-peak measured by torsion pendulum IF with the activation energy value determined in the present study. The value of H c in the present study, 0.58 eV, was closed to the value of 0.605 eV reported by Brunner et al. [4] The activation energy of the c-peak in the Ti-stabilized interstitial-free steel measured in the present study is lower than most reported values determined by the IF or atomic simulation as shown in Tables VI and VII. A possible explanation for this discrepancy is solid solution softening, [47] an effect due to substitutional atoms which facilitate kink-pair formation compared to unalloyed Fe. Whereas the previous torsion pendulum IF measurements were done using high purity a-Fe and the Ti-stabilized interstitial-free steel used in the present study contains a relatively large amount of substitutional atoms, i.e., Ti, Nb, and Mn, it is reasonable to assume that the difference is due to the solid solution effect.
The c-peak relaxation strength is proportional to the area swept out by the dislocation segments. According to Seeger, it can be expressed as follows [39] :
where K is the dislocation density for dislocations participating to the relaxation process, L is the dislocation segment length between two pinning points, E is the elastic modulus, and S d is the line tension of dislocation. The pre-exponential term, s 0 is also proportional to L or L 2 depending on the temperature. In the present work, the increasing c-peak relaxation strength for Ti-stabilized interstitial-free steel for low strains corresponds to a rapid increase of the dislocation density. After 4 pct strain, the relaxation strength of the c-peak did not increase whereas the dislocation density, as measured by the electrical resistivity and observed by TEM, continued to increase. This difference results from the fact that the dislocations were not distributed homogeneously inside the grains when a dislocation cell structure developed after 5 pct deformation as shown Figure 14 . The dislocations in the cell walls are heavily pinned and do not participate to the relaxation process due to their very short segment length. The relatively small peak shift of the c-relaxation peak after 4 pct strain was therefore due to the fact that the dislocation segment length L remained unchanged after 4 pct strain, as shown in Figure 11 .
The suppression of the c-peak in the ULC-BH steel is mainly due to pinning of dislocations by the diffusion of interstitial carbon atoms to the dislocation core. The [32] 1.57 1.00 9 10 À15 555 686 Fe-C 1200 ppm Koster et al. [33] 1.41 7.00 9 10 À16 495 609 Fe-C 0.7-0.93wt pct Mura et al. [34] 1.93 1.30 9 10 À20 509 593 Fe-C 0.7-0.93wt pct Mura et al. [34] 1.44 1.00 9 10 À15 510 629 Fe-C Chambers et al. [35] 1.58 8.58 9 10 À17 523 635 Fe-C McGrath and Rawlings [36] 1.79 3.50 9 10 À20 484 566 Fe-C Surin and Blanter [37] 1.84 7.00 9 10 À19 534 633 Fe-C Magalas and Ngai [32] absence of the c-peak in the curve for cooling from 800 K (527°C) is not related to the recrystallization, but rather to recovery processes which alter the dislocation distribution, and the pinning of dislocation by the point defects such as vacancies generated by the dragging of sessile jogs during plastic deformation. The broadening of the c-peak is entirely due to a distribution of the preexponential term for the relaxation time by distribution of segment lengths. Because the motion of the dislocation segments produces a strain in addition to the elastic strain, the apparent modulus as measured during an IF test is lower than the true modulus E by an amount DE, given by [14] 
where D is relaxation strength for DE. The typical DE behavior for a normal relaxation process corresponding Eq. [15] is shown in the schematic of Figure 17 . The anomalous recovery of modulus shown in Figures 4 and 17 is due to a non-relaxation transition during the heating of the deformed Ti-stabilized interstitial-free steel. Its occurrence implies an apparent stiffening due to changes in the dislocation structure during the sample heating. This effect is due to the diffusion of point defects and the formation of ah100i junction during the recovery processes.
The interaction between the dislocations and the interstitial carbon produces two relaxation peaks, the DES peak and the SKK peak. The DES peak maximum of the ULC-BH steel was 5 K higher than the Snoek peak maximum. This means that the activation energy of the DES peak is slightly higher than that of the Snoek peak, if it is assumed that the pre-exponential factors are equal. Magalas and Gorczyca [31] have argued that non-screw fresh dislocation segments were responsible for the DES peak because the DES effect was suppressed at low deformation temperatures where the long screw dislocation segment are formed.
In Schoeck's model, [48] the origin of the DES peak is the dragging of the interstitial carbon by the movement of non-screw, 70 deg dislocations. The drag force results from the fact that the area in which a redistribution of elastic dipoles takes place lags behind dislocations. Because the drag force is proportional to the relaxation time of the Snoek peak, the DES peak should have activation parameters close to those of the Snoek peak.
In Seeger's model, [49] the DES relaxation is ascribing as kink-pair formation on non-screw dislocations in a cloud of interstitial carbon as shown in Figure 16 . This model assumes that the long range migration of interstitial C atoms is negligible and that the product q eq k Á L is higher than 1 at high temperatures. Hereq eq k is the kink equilibrium concentration. In this model, the difference of the activation energy of the Snoek peak and DES peak is given by:
This small value is in agreement with the present observation for the ULC-BH steel. The increase of the DES peak amplitude with strain in Figure 6 is due to the characteristic K Á L 2 dependence of dislocation-related relaxation. The strain dependence of DES peak amplitude is different from that of the c-peak amplitude as shown in the Figures 4(b) and 6. The peak broadening is related to the distribution of L values.
The instability of the DES peak by annealing has been reported previously by Magalas and Gorczyca. [31] In the present study, the DES peak and Snoek peak were annealed out by the 393 K to 443 K (120°C to 170°C) aging treatment. The kinetics were similar to those of the Cottrell atmosphere formation as shown in Fig- [40] 0.06 atomic simulation Swinburne et al. [41] Screw 0.65 atomic simulation Ventelon et al. [42] 0.73 atomic simulation Itakura et al. [43] 0.86 atomic simulation Proville et al. [44] 0.84 atomic simulation Wen et al. [45] 0.65 to 0.70 flow stress measurement Spitzig et al. [46] 0.605 flow stress measurement Brunner and Diehl [3] Fig. 17-Schematic illustrating the modulus change associated with an anomalous DE behavior.
ure 10. Therefore, the suppression of the DES peak and the Snoek peak could be interpreted as being due to the shortening of L due to the pinning of edge dislocations by interstitial carbon atoms. In the Schoeck model, the SKK peak is caused by the bowing out of screw dislocation segments with the motion of the dislocations limited by the diffusion of an atmosphere of interstitials. [50] Seeger suggested that the SKK peak was due to the formation and the lateral migration of kinks on the screw dislocation dragging solute atoms [51] as shown in Figure 16 . In the kink-pair model, the activation enthalpy for the SKK peak is given by the sum of the kinks pair formation energy and the migration energy of the kinks and intersititials, i.e.,
[51] The SKK peak maximum occurs at higher temperatures than the DES peak due to the higher activation energy of the kink-pair formation for the screw dislocation segment. Figure 5(d) compares the activation energy of the SKK peak for the 4 pct deformed and 443 K (170°C) aged ULC-BH steel with published values. The activation energy determined in the present work is similar to the activation energy reported by Magalas and Ngai [32] who used a 25 ppm C Fe-C alloy. The differences in Table VI are mainly related to the interstitial carbon content, as the activation energy reported for higher carbon content alloys are higher. [32] In the Schoek model, the activation enthalpy of the SKK relaxation must lies in the range of H S to H S + H B , where H B is the binding energy between the screw dislocation and the interstitials and H S is the activation energy for the Snoek relaxation. [52] In the Seeger kink-pair model, four possible activation energies are possible depending on the temperature and the interstitial concentration at the dislocation, C d , as shown in Table VIII . [53] The activation energy determined in the present work was close to the energy calculated for the high temperature and large C d conditions as defined in the Seeger model. The value of 1.0 eV is however still lower than the value of 1.12 eV. The kink-pair model would therefore appear to be unable to explain the substantial decrease of the activation energy for the SKK relaxation as reported by Magalas and Ngai [32] and also found in the present work. Magalas and Ngai have proposed an alternative model, [54] in which the effective activation energy of the SKK peak was given by H SKK ¼ H S =ð1 À nÞ where n is a coupling parameter related to the mutual interactions between interstitial atoms in the Cottrell atmosphere around the screw dislocation. It is well known that the carbon-carbon closest neighbor interaction is repulsive. At low concentration of interstitials, the degree of interaction is low, but at higher C concentrations in the carbon Cottrell atmospheres, the interaction may become substantial. The lower activation energy measured in the present work is agreement with the Magalas-Ngai model for a value of n equal to 0.13.
In the case of the string model [50] and kink-pair model, [39] the relaxation strength, D is proportional to
where K is the dislocation density of screw dislocation segment participating to the SKK relaxation, and L is the distance between the pinning points on the dislocation segment. The intensity of the SKK peak increased up to 10 pct strain mainly due to the rapid increase of the dislocation density as shown in the Figures 11 and 12 . For strains larger than 10 pct strain, the SKK peak amplitude remained unchanged because the product K Á L 2 became constant due to the shortening of L as a result of dislocation intersections at higher strains. The D / K Á L 2 relationship cannot explain the fact that the relaxation strength is also proportional to the concentration of solute atoms. [55] In the Schoek model, the relaxation time is given by [56] :
where G is the shear modulus, a is constant, and D is the diffusion coefficient of interstitial near dislocation. In the Seeger model, [51] the relaxation time is given by
where q K is the equilibrium kink density and D K is the kink diffusivity. D K is proportional to 1/C d . In both models, the SKK peak properties depend on the length of the dislocation segment and the concentration of interstitials near the dislocation. In the Seeger model, the temperature controls the density of the thermally activated kinks, and hence their mean distance. At low temperature, as there are few thermally generated kinks, the relaxation time will be proportional to L. For a SKK relaxation occurring at high temperature there will be one or more thermally activated kink pair on the dislocation segments of length L, i.e., q K Á L ) 1: This leads to kink recombination and the relaxation time is proportional to L
2
. This is also predicted by the Schoeck model. The peak maximum temperature, T max , is directly related to s 0 , the 
pre-exponential factor of the relaxation time as T max $ lnðs 0 Þ. s 0 is related to L and the concentration of interstitials at the dislocations as shown in Eqs. [17] and [18] . With increasing strain, L, the distance between dislocation nodes is reduced, as shown in Figure 11 (b).
The value of C d also decreases due to the increasing dislocation density and the very low interstitial carbon content. Therefore, the T max of the SKK peak decreases with increasing deformation for the ULC-BH steel. The SKK peak is broad as the dislocation segments have a distribution of lengths L rather than a single length L. This leads to a distribution of relaxation times. The peak broadening of the dislocation-related c-peak and SKK peak was much larger than for the DES peak. This implies that the distribution of the screw dislocation segment lengths is broader than for the edge dislocations. The SKK peak was more stable than the DES peak during aging in the temperature range of 393 K to 443 K (120°C to 170°C) as shown in the Figures 4(a) and 7. This is very likely due to different characteristic of Cottrell atmosphere between the screw and edge dislocation. Veiga et al. [57] have shown that the Cottrell atmosphere forms predominantly in the tensile half of edge dislocations. These regions are significantly denser than the carbon clouds around screw dislocation when the carbon content is low. Wilde et al. [58] reported that around screw dislocations, carbon enhancement is more likely in three lobe-shaped regions separated by 120 deg. The atomic simulation study by Clouet et al. [59] reported that the maximum binding energy for carbon to the edge dislocations (0.66 eV) was approximately 60 pct higher than the binding energy for carbon to screw dislocations (0.41 eV). Based on these reports, it is expected that carbon atmospheres will pin edge dislocations more strongly than screw dislocations. During the 393 K to 443 K (120°C to 170°C) aging, therefore, the DES peak amplitude was reduced due to suppression of kink formation on the edge dislocation by a strong carbon pinning effect, whereas the SKK peak amplitude was more stable because the kink formation on the screw dislocation around Cottrell atmosphere was still possible due to a relatively weaker pinning of the screw dislocation by the carbon atmospheres.
After a 1 hour aging at 443 K (170°C), both the DES peak and the Snoek peak were almost fully annealed out in the IF spectrum of the deformed ULC-BH steel as shown in Figure 7 . This could in principle imply that the initial interstitial carbon atoms (5.7 wt ppm) diffused to grain boundaries and dislocations, or precipitated as carbides. In the 3D atom probe experiments reported by Wilde et al. [58] about 105 C atoms per unit of dislocation length (1/nm) were observed. If it is assumed that this value corresponds to saturated Cottrell atmospheres, the amount of carbon needed to saturate a dislocation density of q/m 2 is given by:
As the ULC-BH steel had a dislocation density of 3 9 10 13 /m 2 after 2 pct strain as shown in Figure 10 (b), 6.9 wt ppm carbon can be stored in Cottrell atmospheres. The absence of the Snoek peak is therefore solely due to the formation of the Cottrell atmospheres at the core of dislocations in the ULC-BH steel aged at 443 K (170°C).
The Snoek peak re-appeared and the SKK peak was suppressed after the recovery annealing heat treatment at 800 K (527°C) as shown in Figures 4(a) and 9 . This implies that the strain field of the dislocations was substantially reduced by annealing treatment. As a result, the interstitial carbon atoms forming the Cottrell atmospheres diffused back to octahedral sites in the matrix. The interstitial carbon content in the heavily deformed samples as measured by analysis of the Snoek peak was lower than interstitial carbon content in the less deformed samples as shown in Figure 9 . This may be due to (a) carbide formation in the more heavily deformed samples or (b) the retention of Cottrell atmospheres in the more heavily deformed samples. As no carbide formation was observed by TEM, the second explanation is more likely to be correct. The TEM analysis clearly shows that the suppression of the SKK peak after recovery is not related to a lower dislocation density but a comprehensive dislocation rearrangement leading to a reduction of the dislocation strain field as shown in Figure 15 .
VI. CONCLUSIONS
The impulse excitation IF technique was used to study the interaction between dislocations and interstitial carbon atoms in ULC-BH steels. The results clearly show that in cold rolled and recrystallization-annealed ULC-BH steel, with less than 10 ppm of solute carbon atoms initially randomly distributed throughout the matrix, the static strain aging is fully controlled by the distribution of the carbon between matrix and dislocation sites.
The IF spectrum of pre-strained ULC-BH steel showed a DES peak and a SKK peak. The amplitude of the two peaks was directly related to the dislocation density and the average area swept by the dislocation through the motion of mobile kinks on near-edge dislocation segments and screw dislocations segments, respectively. The average area swept by the dislocations is determined by the dislocation segment length. The equilibrium kink area saturated at approximately 10 pct of deformation.
Analysis of the SKK peak showed that when the dislocation density increased, the increased in number of dislocation-dislocation interactions lead to a reduction of the screw dislocation segment length. This was not the case for the edge dislocations which, being much shorter, were less susceptible to segment length reduction at higher dislocation densities. The DES peak amplitude increased with strain but the peak temperature remained unchanged. At high dislocation densities, the dislocation segment lengths in the cell walls were too short for the cell wall dislocations to contribute to the DES peak or SKK peak amplitude.
In the subsequent low temperature annealing stage, i.e., the paint baking stage, the carbon atoms migrated to the dislocation core and formed Cottrell atmospheres containing a large number of carbon atoms. The presence of carbon at the core of edge dislocation segments effectively hindered kink formation. In contrast, the presence of carbon atoms at the core of screw dislocations did not hinder the double kink nucleation or motion. No evidence was found for the formation of carbides or the possible influence of the carbide formation on the static strain aging of ULC-BH steel.
Recovery annealing of the ULC-BH steel resulted in the suppression of the DES peak and SKK peak. The DES peak was replaced by the Snoek peak. The recovery heat treatments showed that the dislocation structure played a major role in the carbon-dislocation interaction. Whereas solute carbon readily interacted with freshly formed dislocations, the reduction of the dislocation strain field resulting from the formation of low angle boundaries and dislocation junctions during recovery resulted in a pronounced weakening of the interaction between solute carbon atoms and screw dislocations.
A c-peak was only observed in the absence of interstitial carbon, i.e., for the deformed interstitial-free steel, which showed no static or dynamic strain aging. The c-peak amplitude depended on the dislocation density and the dislocation segment length. The observed broadening of the c-peak was related to the distribution of the screw dislocation segment lengths.
